Extensive self-consistent multi-configuration Dirac-Fock (MCDF) calculations and second-order many-body perturbation theory (MBPT) calculations are performed for the lowest 272 states belonging to the 2s 
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Introduction
Accurate atomic data of highly-charged ions are important in both astrophysics and fusion plasmas research, such as plasma control and plasma diagnostics [1] . As a rare gas, Krypton can easily be introduced into the plasma and does not pollute the vacuum vessel. For this reason it is widely used as an injected impurity for diagnosing tokamak fusion plasmas [2] [3] [4] [5] [6] . Furthermore, Krypton is under consideration as a diagnostic element for the x-ray imaging spectrometer system on the forthcoming ITER project [7] [8] [9] . Therefore, in oder to simulate and diagnose plasmas, accurate atomic data for different ionized krypton ions, such as energy levels and transition rates, are required. In view of this, we have performed the calculations for energy levels and transition properties in Mg-like Kr XXV [10, 11] , and this work present our efforts at N-like Kr XXX.
On the experimental side, observed levels and wavelengths for the transitions among the (1s configurations in Kr XXX were compiled by Saloman [12] based on the measurements of Denne et al. [3] . These data are also available at National Institute of Standards and Technology (NIST) Atomic Spectra Database (ASD) [13] .
Lines involving the 2s 2 2p 2 3d levels were observed by Kink et al. [14] . However their lines were not complied by the NIST ASD, since they are highly blended, due to the relatively low resolution of their measurements, which makes their classification uncertain. Recently, the 2s2p 4 → 2s 2 2p 3 spectral lines were measured and identified in the NIST electron beam ion trap again [15] . However, the amount of observed values is not enough to meet the application needs of modeling and diagnosing plasmas. Thus one depends heavily on theoretical results.
On the theoretical side, many Kr XXX calculations were performed for the transitions involving the n = 2 states [16] [17] [18] [19] [20] [21] . Among these calculations, the most accurate and complete one is the multi-configuration DiracFock (MCDF) calculation carried out by Rynkun et al. [18] using the GRASP2K code [22] , in which a full set of consistent and highly accurate energy levels and transition rates, including electric dipole (E1), magnetic dipole (M1), electric quadrupole (E2), magnetic quadrupole (M2), was presented. However, accurate results involving higher-lying states are also required for modeling and diagnosing of plasmas. Using the SUPERSTRUCTURE (SS) code [23] , Bhatia et al. [24] reported energy levels and transition data for 72 states of both the n = 2 and n = 3 configurations in Kr XXX. Aggarwal et al. [25] employed the MCDF method in the GRASP package [26] , as well as the relativistic configuration interaction (RCI) method in the FAC code [27] , to calculate level energies and radiative rates among the 272 levels of the n = 2, 3 complexes in Kr XXX. However, the above two mentioned calculations involving the n = 3 complex are quite inaccurate due to limited configuration interaction effects included in their works. The deviations from the corresponding observation energies are up to 0.9% for the SS calculations [24] and 0.6% for the values reported by Aggarwal et al. [25] , which are far from the spectroscopic accuracy. Therefore, there is a clear need to provide complete and accurate atomic data for Kr XXX.
In the present work, we report on calculated energy levels, wavelengths, line strengths, oscillator strengths, lifetimes, hyperfine interaction constants, Landé g J -factors, and E1, M1, E2, M2 transition rates among the 272 levels belonging to the 2s offer complete and consistent data sets of high accuracy. Calculations are performed using the MCDF method [28] [29] [30] [31] [32] [33] implemented in the latest version of the GRASP2K code [34] , in which higher order relativistic corrections arising from the Breit interaction (BI) and quantum electrodynamics (QED) effects are included within the RCI procedure.
To validate the results from the MCDF and RCI calculations and estimate the accuracy, we have performed other independent calculations using the second-order many-body perturbation theory (MBPT) method implemented in the FAC code [27, [35] [36] [37] . The present MCDF and MBPT results are compared with each other and previous experimental and theoretical results, where available. Since electron correlation effects are captured to a high degree, our two sets of energies agree very well with each other and with the observed values from the NIST ASD. i.e., the mean relative difference between our MCDF and MBPT energies is only about 0.003% for these 272 levels; the relative difference between our MCDF/MBPT energies and NIST experimental values is around 0.05%. The present results are not only generally more accurate than existing theoretical data, but are also accurate enough to directly confirm/revise experimental identifications.
Theoretical methods

The MCDF method
According to quantum mechanics an electronic state of an N-electron system is determined by a wave function Ψ, which is a solution to the wave equationĤ
HereĤ is the Hamiltonian operator and E the total energy of the system. In the MCDF method [28] [29] [30] [31] [32] [33] , the (DiracCoulomb) Hamiltonian can be written aŝ
Here, α and β are the 4 × 4 Dirac matrices, c denotes the speed of light in atomic units. 
where J and M denote the total angular momentum and magnetic quantum number, respectively. P is the parity and γ r denotes quantum numbers and angular coupling scheme needed to specify the CSF. The CSFs are built from products of one-electron Dirac orbitals. Based on the extended optimal level (EOL) scheme, the radial parts of the Dirac orbitals and the expansion coefficients of the targeted states are all optimized to self-consistency by solving the MCDF equations, which are derived using the variational approach. In a final step relativistic configuration interaction (RCI) calculations are performed in which the BI and QED corrections are added.
Calculation of transition rates
Transition rates for a multipole transition from the state Ψ α (PJM) to the state Ψ β (P ′ J ′ M ′ ) can be expressed in terms of the reduced transition matrix element
where O λ, (k) is the electromagnetic multipole operator of k order in Coulomb/Babushkin gauge (λ= 1/0 for electric/magnetic multipoles). In practical calculations a biorthogonal transformation of the ASFs are carried out before Racah-algebra is applied to express the transition matrix elements into a sum over one-electron matrix elements [38] .
Calculation of hyperfine interaction constants and Landé g J -factors
The hyperfine interaction constants of magnetic dipole A J and electric quadrupole B J can be calculated by
B J = 2Q J(2J − 1) (J + 1)(2J + 3)
Ψ α (PJ), )|T (2) |Ψ α (PJ) (6) where µ I /Q is the nuclear magnetic dipole/electric quadrupole moment. T (k) are spherical tensor operators of rank k in the electronic-spaces [39] . The hyperfine levels of closely spaced fine-structure levels are also affected by the off-diagonal hyperfine interaction [40] . This effect is small, however, and is neglected in the present study. In our calculations, the nuclear parameters I, µ I , and Q are all set to 1. To obtain the A J and B J values for a specific isotope, the given values can be scaled with the tabulated values.
The Landé g J -factors determine the splitting of magnetic sub-levels in external magnetic fields, given by
r j (α j C (1) ( j)) (1) 
where i is the imaginary unit, g s is the electron g-factor of the electron spin corrected for QED effects, and Σ j is the relativistic spin-matrix [41] . The Landé g J -factors can give information about the coupling conditions in the system.
The MBPT method
The MBPT method was described in detail in Ref. [42] [43] [44] . This method has been included in the FAC code, and successfully used in calculating atomic parameters of high accuracy [36, 37, [45] [46] [47] . Hence we only repeat the essential features here. The method tries to solve the Dirac equation
where Ψ α (PJM) is an electronic state of an N-electron system. E α is the total energy of the system. H DBC is the no-pair Dirac-Coulomb-Breit Hamiltonian, given by
( 1
Here, B i j , h d (i), and Z is the frequency-independent BI, the Dirac Hamiltonian for one free electron, and the nuclear charge, respectively. The H DBC is split up into a model Hamiltonian H 0 and a perturbation V, a convenient choice is
Here, U(r) is a model potential including the screening effects of all electrons, whose appropriate choice makes V as small as possible. In practical calculations self-consistent-field (SCF) iterations are done, from which we can obtain the approximated central potential U(r) and eigenfunctions Φ k of H 0 . The Hilbert space of the Hamiltonian is divided into two subspaces. i.e., a model space M and an orthogonal space N. In the present implementation, the targeted configurations/other's states are contained in the space M/N. The electron correlation effects within the M space are exactly accounted for, while the interaction between M and N is taken into account with the perturbation method. By solving the generalized eigenvalue problem for the first-order effective Hamiltonian, the eigenvalues in second order can be obtained.
Results and Discussions
Details of the calculation
In the present MCDF method, the odd and even states are determined in separate calculations in the EOL scheme.
The CSF expansions are obtained with the restricted active space method [48, 49] 3p configurations which make up the MR for this parity. The initial calculations account for the static electron correlation that results from the close degeneracy of the orbitals. Then, the CSF expansions are obtained from configurations generated by single and double (SD) substitutions of the orbitals in the MR with orbitals in an active sets with principal quantum numbers up to n = 8 and with orbital quantum numbers up to l = 6. In order to obtain/monitor the convergence of the computed properties such as level energies, the orbitals are increased systematically layer by layer in a sequence of calculations. At each stage only the outer orbitals are optimized, while the inside ones are fixed. Moreover, to reduce the number of CSFs during the MCDF calculations, in this work, the 1s 2 core is closed from n = 6, but opened during the subsequent RCI calculations, in which the BI (computed in the low-frequency limit by multiplying the frequency with a scale factor of 10
), and the QED corrections such as finite nuclear size, self-energy (SE) and vacuum polarization (VP) are included. The number of CSFs in the final even and odd state for the n = 8 expansion are about 920000/5300000
and 1100000/6200000 with the 1s 2 core closed/open, respectively, distributed over the different J symmetries.
On the other hand, in our MBPT calculations, the 2s In the relativistic calculations, the wave functions are given as expansions over jj-coupled CSFs. To give a good consistency with the labeling system used by the experimentalists, as well as with the NIST ASD and other sources, in this study, a transformation of ASFs from a jj-coupled CSF basis into a LSJ-coupled CSF basis are made and all the quantum states are labeled with the leading term of the LS percentage composition [50] .
Energy levels
In Table 1 , as an example, we present the MCDF level energies of the lowest 36 levels in N-like Kr XXX as functions of increasing active sets of orbitals (labeled by the highest principal quantum number n). From the inspection of Table 1 , one can see that the present calculations are comparatively well converged with respect to the increasing orbital set. The differences between the adjacent n are decreased by extending the orbital set. For these levels, the main relative difference is about 0.61%, 0.45%, 0.21%, 0.05%, 0.03%, and 0.002% for calculations based on the orbital sets n = 3, 4, 5, 6, 7, and 8, respectively. The greatest difference between the present n = 8 and n = 7 calculations is less than 55 cm In order to see the BI and QED effects more clearly, their contributions to the MCDF excited energies of the 272 fine-structure levels of Kr XXX in percentage and in cm (0.42% to 3%) with one exception for the 2s 2p 4 , respectively. Moreover, we can see that the QED corrections are naturally grouped according to the number of s-orbital electron of the configurations, i.e., the 2s . Since we are looking at excitation energies, which are the energy differences between excited states and the ground state, and the ground state has two 2s electrons, the QED effects on the real energies of the states without 2s electron are largest.
In Table 2 In the present work, we adopt the configuration, total angular number J and energy ordering as the good quantum numbers to match the levels from various calculations.
As seen from Table 2 , experimental energies are available only for 9 levels of the 2s Our MCDF/MBPT values agree very well with these observations, and the differences are within 0.07%, which is highly satisfactory. Recently, using the MCDF method, Rynkun et al. [18] reported the energies and transition rates (label by MCDF2) for the 15 states of the n = 2 configurations in N-like ions Kr XXX. These results are the most accurate so far and the differences between the calculated energies and the NIST observations are within 0.1%. The present MBPT and MCDF calculations confirm the energies of Rynkun et al. [18] . The average difference between the MCDF/MBPT and MCDF2 values is 0.03% and 0.04% for the n = 2 states. However, for the n = 2 levels, the differences of earlier theoretical energy levels of Bhatia et al. [24] (labeled by SS) relative to the NIST values and our results are large, particularly for the 2s 2 2p 3 2 D 3/2 and 2s2p 4 4 P 1/2 levels where the differences are about 0.8%-0.9%. Apart from the n = 2 levels, energies of the remaining levels of the SS calculations are generally higher than our MCDF/MBPT results by about 0.6%-1%. These differences may be due to limited electron correlation effects included in the SS calculations.
In the literature, the most comprehensive theoretical energies for N-like Kr XXX would be the two sets of results for the 272 levels calculated by Aggarwal et al. [25] using the GRASP [26] and FAC codes (labeled by GRASP and FAC). Since limited correlation effects were considered in the calculations, there are some big discrepancies with the experimental results. For the lowest 15 levels, it can be seen that the results from Aggarwal et al. [25] Figure 2 . An excellent agreement is found between our two methods. i.e., the differences are within 0.025% for the lowest 15 levels, and are around 0.005% for the remaining 257 levels; the mean (with standard deviation) of the relative differences for all the 272 levels is only about 0.003% ± 0.01%. The present MCDF and MBPT energy data, as well as the calculated transition wavelengths, are not only generally more accurate than existing theoretical data, but are also accurate enough to directly confirm/revise experimental identifications in the x-ray and extreme ultraviolet (EUV) regions. However, for the n = 0 transitions with calculated wavelengths in the visible region, the accuracy of our results cannot compare with what experiment can achieve. In this region, further precise measurements are needed.
Transition rates
In Table 3 , our calculated MCDF/MBPT wavelengths, transition rates (A, in s To illustrate the accuracy of the present transition rates, in Table 4 Since E1 transitions are comparatively more important, A broader comparison between the present MCDF and MBPT transition rates for E1 transitions among all the 272 levels of n = 2, 3 complexes are made. The agreement between our two sets of transition rates is also satisfactory, being within 10% for 83% out of all the 12156 transitions.
There are even better agreement for strong transitions. As shown in Figure 3 , their relative differences are within . However, for a few strong transitions (22 transitions), the differences are larger than 20%, and even by several orders of magnitude for other weak transitions.
Most of them are intercombination or two-electron-one-photon transitions. Such transitions are generally sensitive to the electron correlation effects, and sometimes are even sensitive to the high-order relativistic effects. It is thus necessary to describe the coupling conditions very accurately.
It should be mentioned that for electric multipole transitions, there are two gauges, the Babushkin (length) gauge and the Coulomb (velocity) gauge. To further access the uncertainty of our MCDF transition rates, the quantity dT,
, in which A l /A v are the transition rates in Babushkin/Coulomb gauge, is introduced. In Figure 4 , we show the uncertainty estimators dT for E1 transitions among the 272 levels with A MCDF ≥10 6 s −1 for N-like Kr XXX. For most strong transitions, the agreement between the two gauges is good, where the uncertainty dT is below 15%. Such a good agreement between the velocity and length forms of the transition rates is an indication of quality for the present calculations [51] . However, for some lines with small transition rates the situation is unclear. , apart from a few irregularities, the uncertainty dT is from a few percent up to 30%.
Lifetimes
Lifetime τ for a level j can be determined as
where the summation includes results from all types of transitions. In Table 5 , where the difference reach 0.38% at most. The agreement between our two sets of lifetimes is also highly satisfactory, being within 2.5% for most levels, while the GRASP calculations [25] differ from the present two sets of values significantly, generally by 10%∼20% (up to 50%).
The τ l /τ v ratios of our MCDF lifetimes for the 272 levels of Kr XXX are plotted in Figure 5 . Generally good agreements are found between the length and velocity forms of our lifetimes. In many cases, the ratio is very near to one. They show relative large difference for only one level, i.e. being 2.7% for 2s 2p
Hyperfine interaction constants and Landé g J -factors
Hyperfine interaction is not only important in astrophysics, but also a sensitive probe of both electron correlation and QED effects. Table 6 displays our calculated total energies, A J , B J hyperfine interaction constants and Landé g J -factors for the 272 levels of Kr XXX and the theoretical results for the lowest 15 levels calculated by Rynkun et al. [18] . As can be seen, there is a very good agreement between our values and the ones provided by Rynkun et al. [18] .
The agreement is slightly better for the g J -factors than for the A J ,B J constants. For example, the deviations for A J , B J hyperfine interaction constants is about 0.6%, and 0.2%, while the two different calculations give values of g J -factors that are in excellent agreement to within less than 0.02%.
Conclusions
Motivated ) among the n = 2, 3 levels. The lifetimes also compare well to within 2.5% for most of the 272 excited-levels.
For the A J , B J hyperfine interaction constants and g J -factors, the greatest deviations between our MCDF results and the data [18] are about 0.6%, 0.2%, and 0.02%, respectively.
Since more electron correlation effects are considered in our methods, our results show not only an improvement in accuracy compared with other calculations, but the results are also accurate enough to directly confirm/revise experimental identifications in the x-ray and EUV regions. The present data sets are believed to be the most comprehensive and accurate ones to date. We expect that these accurate data will be useful for controlled thermonuclear fusion research and astrophysical applications. Only transitions among the n = 2 levels are shown here. Table 3 is available online in its entirety in the JQSRT website. 
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